Source parameters of the 1996 Flores Sea and 1994 Fiji^Tonga deep earthquakes are derived from teleseismic body waves recorded by the global seismic network of broadband seismograph stations. Both events consisted of several subevents. Models to approximate the spatial and temporal extent of the source process include point sources, propagating point sources and a combination of these. For the Flores Sea event, rupture lasted about 23 s and terminated some 70 km east of the nucleation point as inferred from the duration of P-wave pulses, in agreement with the ¢ndings reported by other investigators. Our preferred model suggests bilateral rupture propagation. It consists of four point sources that have variable double-couple radiation patterns and source time histories, and explains well the large compensated linear vector dipole (CLVD) component inferred from the Harvard centroid moment tensor (CMT) solution. The main moment release in the Fiji^Tonga event lasted only about 15 s. Our best model consists of two point sources with a total moment release of 2X8|10 20 N m. Rupture propagated subhorizontally from the nucleation point to the north. The termination of rupture was located about 40 km to the north of rupture initiation. The inferred velocity of moment release in the Flores Sea and Fiji^Tonga events was 3^5 km s À1 , a value which is higher than that inferred for the great Bolivian earthquake of June 1994. Other derived source parameters (static stress drop, radiated seismic energy and maximum seismic e¤ciency) are also signi¢cantly di¡erent from those inferred for the 1994 Bolivian event, suggesting that deep earthquake processes do not follow an easily detectable common mechanism.
INTRODUCTION
Several important deep earthquakes have recently been recorded by the global network of broad-band seismograph stations. These include the great Bolivian earthquake (M w~8 .3) of 1994 June 09, the Fiji^Tonga event (M w~7 .6) of 1994 March 09 and the Flores Sea event (M w~7 .9) of 1996 June 17. The Flores Sea event occurred at a depth of 587 km (NEIC) and was the second largest deep event recorded by modern broad-band seismographs. Unlike the 1994 M w~8 .3 Bolivian event, which was the largest deep earthquake ever recorded, the 1994 Fiji and the 1996 Flores Sea events were located in well-known areas of deep seismicity.
Mechanisms of deep-focus earthquakes are as yet not well understood, and several models to explain their occurrence have been discussed (e.g. Silver et al. 1995; Kirby et al. 1996; Kanamori et al. 1998) . Deep events have similar radiation patterns to shallow earthquakes (e.g. Kirby et al. 1996 and references therein); however, the rheological and thermal conditions at depths greater than about 100 km seem to inhibit the generation of pure shear faulting because of high con¢ning pressures (Frohlich 1989) . Therefore, other physical mechanisms have been proposed to explain the observed shear motion characteristics of deep-focus earthquakes. These include shear instability in viscoelastic materials (Ogawa 1987) , dehydration of hydrous minerals carried down to great depths (Meade & Jeanloz 1991) , plastic instabilities (Hobbs & Ord 1988) and transformational faulting involving sudden transformations from metastable olivine to spinel if the transformation is kinetically inhibited in cold subducting slabs (Green & Burnley 1989; Kirby et al. 1991) . Realistic models of the subduction process imply temperature pro¢les that have a narrow and wedge-like zone of low temperatures, approximately 5^15 km wide, perpendicular to the subducting slab. This is the area where a metastable olivine wedge could develop in an undeformed slab and where transformational faulting may occur (Kirby et al. 1996) . The lateral extent of the deep 1994 Bolivian earthquakeöestimates range from about 40|40 to 50|50 km on a subhorizontal plane (Kikuchi & Kanamori 1994; Estabrook & Bock 1995) öis larger than the predicted widths of the metastable wedge in an undeformed slab. Therefore, other models have been explored to explain deep earthquake occurrence.
Recently, Kanamori et al. (1998) suggested that after rupture is initiated by an unspeci¢ed triggering mechanism, melting may occur which overcomes the frictional forces and generates slip into neighbouring areas. This may result in unusually large deep-focus earthquakes, such as the 1994 Bolivian event. They derived their model on the basis of some unusual properties of the great 1994 Bolivian earthquake (low rupture velocity, low seismic e¤ciency and high stress drop). Wiens (1998a) , however, pointed out that other deep earthquakes do not have the same characteristics as the 1994 Bolivian event, so that the`runaway melting' model does not explain the mechanism of all deep earthquakes. Wiens & McGuire (1995) suggest that deep events di¡er from event to event depending mainly on temperature and possibly also on the descent rate of the subducting slabs. Thus it appears di¤cult to describe all deep events with a single faulting mechanism.
Signi¢cant isotropic components in the moment tensors of deep events have, as yet, not been found, suggesting that possible volume changes caused by phase transformations contribute very little, if at all, to the radiated seismic energy. Many deep earthquakes exhibit a signi¢cant deviatoric nondouble-couple component (compensated linear vector dipole or CLVD; e.g. Frohlich 1989) , which is often attributed to the superposition of subevents with di¡erent pure double-couple mechanisms (Kuge & Kawakatsu 1992; Houston 1993; Kuge & Lay 1994) . Other explanations for the presence of a CLVD component are related to a particular slip distribution along curved fault surfaces (Frohlich 1990) , sudden drop of the shear modulus in source regions (Randall & Knopo¡ 1970) , tensile expansion of £uid-¢lled cracks (Chouet & Julian 1985) , and errors in moment tensor inversions arising from incorrect assumptions of earth models or outliers in the data (Strelitz 1989) . In fact, many deep-focus earthquakes seem to consist of several double-couple subevents, the superposition of which could produce a signi¢cant CLVD component in the centroid moment tensor.
One prerequisite for a complete understanding of the processes that cause deep earthquakes is the exact knowledge of the earthquake source parameters. A detailed study of the source process is now possible because, in the last 5^10 years, the quality of seismic recordings has dramatically improved with the installation of the global network of broad-band stations. The occurrence of important deep earthquakes between 1994 and 1996 in di¡erent areas therefore provides an unprecedented opportunity for comparative studies of source processes. In this paper we report on a study of the 1996 Flores Sea and 1994 Fiji events (Table 1) using broad-band and long-period data from the IRIS, GEOFON and GEOSCOPE seismic networks. The aim is to derive the spatial and time dependence of the rupture processes and to compare the results with source parameters for the great Bolivian deep earthquake of 1994.
THE 19 96 FLORES SEA EVENT
The deep seismicity in the Flores Sea region, located between the islands of Sulawesi and Flores, marks the descent of the Indo-Australian plate beneath the Eurasian plate (Fig. 1) . The CMT solution for the 1996 June 16 event indicates a normal faulting mechanism (Dziewonski et al. 1997) . The hypocentre of the 1996 June 16 event lies in the north-subducting IndoAustralian plate. At its eastern end, the Indo-Australian plate is inferred to have a 90 0 bend from an E^W to a N^S strike direction (Cardwell & Isacks 1978) , implying that the subduction direction rotates counter-clockwise from north-to west-dipping. An even larger rotation angle is suggested by the study of Gudmundsson & Sambridge (1998) . The event of 1996 June 16 has been studied by various other investigators. Goes et al. (1997) reported signi¢cant rupture complexity from an analysis of broad-band teleseismic P waveforms. They identi¢ed three subevents located 10^40 km to the west of the onset of the event, and a small subevent to the east. Wiens (1998b) studied main and aftershocks using a relative location technique and inferred a substantial change in the focal mechanisms during the main shock rupture. Tinker et al. (1998) reported unilateral rupture propagation based on the modelling of broad-band waveforms and directivity analysis. The results of our study con¢rm the ¢ndings of these studies, but there are also di¡erences in the source time histories, focal mechanisms and spatial distribution of the moment release inferred from our study and those of Goes et al. (1997) and Tinker et al. (1998) .
Data and method of analysis
To model the space^time characteristics of the rupture process, we use the body wave inversion method of Na¨be lek (1984) with the modi¢cation of Estabrook & Bock (1995) to include analysis of deep-focus earthquakes. Only stations in the distance range 30 0^9 0 0 are used to avoid strongly varying regional and core phases. Altogether, waveform data from 27 stations that are well distributed in azimuth were employed (Fig. 2) . In computing theoretical seismograms we used a modi¢ed IASP91 velocity model (Kennett & Engdahl 1991) layers above 660 km on the source side, a half-space for receiver structure, and a t* model for P and S waves of 0.7 and 2.5 s, respectively. The seismograms are inverted in a leastsquares sense for the source model parameters. Long-period P and SH waves are used to determine the centroid mechanism and depth, whilst broad-band P waveforms are inverted for the focal mechanisms of subevents, the source time function and the spatial and temporal distribution of subevents. All broad-band data were restituted to displacement and subsequently high-pass ¢ltered at 0.01 Hz with a causal three-pole Butterworth ¢lter. High-pass ¢ltering enhanced the backswing which is visible in many of the waveforms (Fig. 3 ). This backswing is partly an artefact of ¢ltering, and part of it may be caused by near-source S^P conversions, as will be discussed later. Because of the ¢lter e¡ect, the seismograms shown in this paper do not represent, strictly speaking, true ground displacement; however, we refer to them throughout the paper as displacement seismograms rather than using the term ¢ltered displacement seismograms. There is no adverse e¡ect on the inversion results reported in the later sections because the same ¢lter is applied to synthetic waveforms calculated in the source parameter inversion. Details of the rupture process could not be determined from the depth phases ( pP, sP and sS) because of interference with the phases PP and SS. However, some depth phases not interfering with other phases were useful in con¢rming that the depth variations of subevents were of minor importance. Additional waveform data from 12 stations located at epicentral distances less than 30 0 and greater than 90 0 were included in a traveltime analysis for the determination of rupture duration, which is described in the following section.
Rupture duration
The vertical-component displacement waveforms used in a master event analysis of the rupture duration are shown in Fig. 3 (a) as a function of azimuth. The ¢rst breaks are aligned on zero time. They have small amplitudes and hardly stand out at the scale chosen for Fig. 3(a) . Some coherent phases, which are marked by triangles, show a distinct dependence on azimuth consistent with an approximate E^W directivity of the rupture process. One of the coherent phases indicated by a black triangle arrives about 14^23 s after rupture initiation: this indicates the main moment release of subevent S4, which is discussed in a later section. Also marked in Fig. 3(a) are the picked termination points of moment release. These are di¤cult to pick on many of the displacement seismograms because of the backswing caused partly by the causal ¢lter operation. Part of the backswing may also be caused by constructive interference with the near-source side conversion S 660 P, as discussed in the following section. For the actual picking of the termination point we inspected both velocity-and displacement-proportional seismograms. The velocity seismograms were squared to make them proportional to the far-¢eld seismic energy. The inspection of both velocity and squared velocity seismograms thus allowed a more reliable pick of the end of the major seismic moment release in those cases where this was di¤cult to obtain on the basis of a single seismogram. This is illustrated by some of the squared velocity seismograms that are shown in Fig. 3(b) . The pick at RER, for example, seems to be late on the velocitysquared seismogram in comparison with the other traces, but the displacement seismogram clearly supports the chosen pick in this case. Fig. 3 illustrates that the duration of the total P-wave group is short (about 18 s) in the easterly azimuth and long, about 26 s, in the westerly azimuth. Intermediate values are observed at stations to the north and south of the epicentre. This indicates a predominantly eastward directivity of rupture.
We used the measured values for the apparent duration of the source process, T, in a master event technique (e.g. Fukao 1972; MÏller et al. 1978) to locate the termination of rupture relative to its nucleation. The result is shown in Fig. 4(a) , where the time di¡erences (T^q) are plotted as a function of cos h. The term q describes the duration of the rupture process, and the angle between rupture direction and P-wave take-o¡ angle at the focus is given by h. Values for q and the position of rupture termination relative to the starting point of rupture are derived from Fig. 4(a) by linear regression. It was found that rupture lasted for about 23 s and terminated about 70 km to the east of the nucleation point. The results suggest that both nucleation and termination of rupture occurred at approximately the same depth. The variation of the best-¢tting lines in Fig. 4 (a) therefore depends only on azimuth from nucleation to termination point. This dependence is depicted in Fig. 4(b) . It suggests that seismic moment was released at an average of about 3 km s À1 from the nucleation point in the direction N100 0 E. These results agree well with those reported by Goes et al. (1997) and Wiens (1998b) , but they seem to contradict the results of waveform modelling (Goes et al. 1997) , which suggest that the main moment release was located to the west of the nucleation point of the Flores Sea event. The termination point is located on the eastern end of the south-dipping nodal plane of the CMT mechanism (Fig. 1 ).
Body wave inversion
The following models were investigated in the waveform modelling of teleseismic body waves: M1öcentroid model; Mpöunilateral rupture with constant rupture velocity (propagating point source);
M3öunilateral rupture with constant rupture velocity and a point source;
M4öthree point sources; M5aöbilaterally propagating rupture (¢xed mechanism) with constant rupture velocity and a point source;
M5böbilaterally propagating rupture (variable mechanism) with constant rupture velocity and a point source;
M6öfour point sources. Waveform ¢ts at a few representative stations (Fig. 5 ) and the variance of the mis¢t in Fig. 6 illustrate the quality of the various models. The inversion results are summarized in Table 2 . The best centroid solution (Model M1 in Table 2 ) of the Flores Sea earthquake indicates a normal faulting mechanism with a large strike-slip component. The spatial centroid location is 38 km away from the PDE hypocentre at an azimuth of 115 0 . Our centroid solution is similar to the Harvard centroid solution (Dziewonski et al. 1997) and that published by Hara (1997) . Centroid depth is 593 km and the seismic moment is 7X1|10 20 N m. Our centroid location is closer to that estimated by Hara (1997) . The waveform ¢t at station AFI (Fig. 5) , east of the epicentre, is very good, whilst the ¢ts at stations SPA and ABKT, to the south and northwest of the epicentre, are poor.
Because of the evidence of horizontal directivity suggested by visual inspection of the waveforms (Fig. 3 ) and the results of the master event analysis (Fig. 4) , we investigated a model of a point source propagating unilaterally with a constant velocity (Mp). The result is depicted in Fig. 7 , where the variance of mis¢t is plotted as a function of rupture velocity ( Fig. 7a ) and azimuth (Fig. 7b) . The best-¢tting value for the rupture velocity is 4 km s À1 for a rupture direction of 90 0 . This value is higher than the estimate obtained from the master event analysis, but the broad minimum in the variance indicates large uncertainties of the order of +2 km s À1 . In a subsequent step, the rupture velocity was held ¢xed whilst the direction of rupture propagation was varied. This gave a best-¢tting value of 90 0 , or due east, for the preferred rupture direction (Fig. 7b ). Model Mp, however, provides only a marginal improvement over M1 (Fig. 6 , Table 2 ). Waveform ¢ts to stations in the southerly and northwesterly azimuths, represented in Fig. 5 by SPA and ABKT, did not improve visibly over the centroid solution M1. This result suggests that the simple model of a point source propagating with uniform velocity is not a good approximation of the source process. Model M3 is the same as Mp with an additional point source S4 added in an attempt to ¢t the subevent appearing about 14^23 s after rupture initiation (Fig. 3a) . Focal mechanisms were determined for S4 and the eastward-propagating point source PE (Table 2 ). The rupture direction and velocity of PE are held ¢xed to the values found with model Mp. With model M3 the coherent pulses at the end of the waveforms at stations SPA and ABKT are better matched (Fig. 5) , which explains the variance reduction of 18 per cent relative to Mp (Fig. 6) . Nonetheless, large parts of the waveforms at stations with southerly and northwesterly azimuths are poorly matched by M3.
The poorly matched P waveforms represent near-nodal phases. Therefore, they may be in£uenced by structural complexity to a larger extent than waveforms that are not so close to the nodal plane of the P-wave radiation. The question of whether it is justi¢ed to increase complexity of the source Table 2 . Parameters and standard errors of source models investigated for the Flores Sea event. For M3 and subsequent models the parameters of the best double couple obtained after moment tensor summation and decomposition are shown in the rows marked`Sum'. Focal depth is the average of subevents weighted by moment. Fault plane convention follows Aki & Richards (1980) . Parameters marked with`*' have been held ¢xed during the inversion.`Delay' is the onset time of subevents, while entries under`Ctime' denote centroid times. All times are relative to the ¢rst P onset.
ß 1999 RAS, GJI 138, 625^642 model depends largely on the possible e¡ects of structural complexity on the recorded seismograms. Scattering near the receiver probably has only a minor e¡ect on the source inversion because we have a good azimuthal distribution of stations and hence random receiver e¡ects should cancel out. The phase PcP is not modelled in the Na¨be lek inversion method. It may interfere with the P wave group at distances greater than about 65 0 (Tinker et al. 1998) , whilst at smaller epicentral distances it arrives well outside the time window of P. Synthetic seismograms calculated with the re£ectivity method for the source mechanisms of the centroid model and subevent S1 of model M6 (Table 2) revealed that PcP/P decreases from about 1 at 65 0 to about 0.15 at 75 0 . For the key station ABKT, we calculated re£ectivity synthetics for our preferred source model M6 (Table 2 ) under some simplifying assumptions of the source time function. The synthetics were calculated both with and without PcP. The results (Fig. 5b) suggest that omitting PcP in the source inversion does not introduce a systematic error in this particular case. Nodal P arrivals observed at stations SBA and DRV that are located at a southerly azimuth were also modelled with the re£ectivity method, adopting the source model M6. In all these cases, we did not see an adverse e¡ect on the synthetics, and hence the source inversion results, when neglecting PcP. This is also true for station KURK located at *~68X9 0 , where PcP is expected to arrive about 14 s after P, that is, well within the time window of P from the extended source. Inversion with and without KURK gave virtually the same results. Near-source side scattering may also contribute to seismogram complexity. Re£ectivity synthetic seismograms reveal that, in a radially symmetrical earth model, the strongest phase in the P-wave coda is S 660 P, an S^P conversion from the 660 km discontinuity (Bock & Ha 1984 ) arriving about 7 s after P for a 590 km deep source. This phase is automatically accounted for in the Na¨be lek source inversion code modi¢ed by Estabrook & Bock (1995) as the response of the source-side layered medium is calculated to 660 km depth. The phase S 660 P from subevent S4 of models M3, M5 and M6 arrives just at the time of the backswing, suggesting that not all of the backswing is an artefact of ¢ltering. From the foregoing Figure 3 . (a) Displacement P-wave seismograms sorted by azimuth and aligned along the ¢rst P onset at zero time. The grey triangle at less than 10 s relative time shows the onset of subevent S2 of source model M6 (Table 2) where it can be unambiguously seen in the seismograms. The black triangles depict the centroid of subevent S4 of the same model. The estimated termination points of the rupture are indicated by dots. These points were picked with an estimated uncertainty of +0X5 s. (b) Squared velocity seismograms. Station RER is discussed in the text. ß 1999 RAS, GJI 138, 625^642 discussions on PcP, source-and receiver-side scattering, we conclude that it is justi¢ed to increase model complexity of the source process as described below.
Model M4 consists of three point sources. The point source S1 (Table 2) approximates the ¢rst subevent of the rupture process. The inversion result suggests that the other two subevents, S2 and S4, are located to the east of S1. Model M4, however, gives only a marginal improvement over M3 (Fig. 6 , Table 2 ). Generally, it was not possible to improve the ¢t at station ABKT (Fig. 5) and others by models approximating unilateral rupture to the east.
Model M5a approximates a bilaterally propagating point source composed of a westward-propagating source PW and an eastward-propagating source PE (both propagating at 4 km s À1 ), and an additional point source S4. The mechanisms of PE and PW are held ¢xed to that of the centroid solution M1 (Table 2) . As can be seen from Fig. 6 and Table 2 , only a 9 per cent variance reduction over M4 is obtained. This slight improvement nevertheless suggests that one or more subevents may also be located to the west of the nucleation point of the Flores Sea event. Inverting for the focal mechanisms of PE and PW (model M5b) leads to a big improvement of the ¢t, with a 30 per cent variance reduction relative to M4. The focal mechanism of subevent PW is di¡erent from those of both the other subevents and the centroid model M1 (Table 2) .
Model M6 is similar to model M5b. The di¡erence is that the propagating point sources PE and PW in M5b approximating bilateral rupture are replaced by the point sources S1^S3 so that model M6 consists of four single point sources, S1^S4. In the initial guess, S3 is allowed to lie in the westerly azimuth. As a result of the inversion, S3 is shifted to the southwest relative to the nucleation point modelled by S1. Compared to M5b, model M6 led to only a marginal improvement in the variance estimate. Relative to M4 and M5a, the variance is reduced by 32 and 25 per cent, respectively. The waveform ¢ts of model M6 are satisfactory for stations in all azimuthal directions (Fig. 5) . Small but important details of waveforms are better matched by model M6 than M5b, including nodal stations in particular. Hence model M6 quali¢es as our favoured model to explain the focal process of the Flores Sea event.
The complete broad-band data set used in the inversion is shown in Fig. 8 , together with synthetics for source model M6. A similar comparison is made in Fig. 9 for a longer time window. Long-period P waveforms are depicted in Fig. 9(a) , and SH waves in Fig. 9(b) . Waveforms in Fig. 9 also include depth phases ( pP, sP and sS). Phases such as PP, SS, PcP and ScS are seen in some observed seismograms, but these are not modelled by the synthetics. The locations of subevents of model M6 are shown in Fig. 10(a) , and the source time function (moment release as a function of time) is plotted in Fig. 10(b) . From the distance^time relations for subevents S2, S3 and S4 given in Table 2 , the moment release occurred with a speed of about 2^3.5 km s À1 . This estimate agrees with the average velocity of moment release between nucleation and termination of the rupture process. The initial subevent (S1), which lasted 8 s, was followed by two subevents, S2 and S3, starting about 6 s after rupture initiation. The durations of S2 and S3 were 12 and 9 s, respectively. Relative to S1, the centroid location of S2 lies 27 km to the SE (110 0 ) and that of S3, 35 km to the SW (228 0 ). The last subevent (S4) started 17 s after rupture initiation. Its centroid lies 70 km from S1 at an azimuth of 100 0 . The moments released by subevents S1, S2, S3 and S4 (given in Table 2 ) add up to a total seismic moment release of 7.3 |10 20 N m. Our results suggest that the rupture propagated bilaterally during the ¢rst 15 s after initiation. Assuming that the location of subevent S3 in Fig. 10 indicates approximately the southwestern corner of the fault, the size of the rupture area can be estimated to be about 95 km E^W and 20 km N^S, which is a minimum estimate. The inferred size of the rupture area shown in Fig. 10 (a) agrees well with those given by Goes et al. (1997) (105 km | 20 km) and Wiens (1998b) (90 km | 30 km), estimated from the distribution of aftershocks. The depths of the subevents range from 581 to only 594 km over the total extent of rupture (about 95 km). This indicates that rupture propagated predominantly in a subhorizontal direction. The Fig. 3(a) . T is the measured apparent duration of rupture, q the duration of the rupture process and h the angle between the rupture direction and the direction of the P-wave rays. N indicates the number of observations. The rupture length L~71X4 km was derived from q assuming a P-wave velocity V P~9 X95 km s focal mechanisms of the subevents (Table 2 and Fig. 10a ) undergo a clear change during the rupture process. In particular, the mechanism of S3 di¡ers signi¢cantly from those of the other subevents. We tested a possible trade-o¡ between the location of S3 and its focal mechanism and found that the S3 mechanism is a very stable feature. Using a moment tensor summation, the combined mechanism of the four subevents yields a major double couple (strike~100 0 , dip~55 0 , rake~{51 0 ) and a signi¢cant CLVD component of about 32 per cent (^0X16, Table 3 ). Hara (1997) also determined a large CLVD component (28 per cent) by moment tensor inversion. This demonstrates that the CLVD component of the Harvard CMT solution can be explained by superposition of subevents that have di¡erent double-couple mechanisms (Table 3) .
The location of the rupture termination determined in this study agrees with the analysis of Goes et al. (1997) and Tinker et al. (1998) , who located this point at a distance of 75 km at an azimuth of 100 0^1 20 0 with respect to the nucleation point. Our rupture model is in agreement with the result of Wiens (1998b) , who located aftershocks extending 15 km westwards and about 75 km eastwards of the initiation point of the main shock. Figure 5 . (a) Observed (solid line) and synthetic (dashed line) P displacement waveforms for di¡erent source models M1, M3, M4, M5a and M6 at representative stations AFI, SPA and ABKT. Epicentral distance * and source-to-station azimuth Az are given in degrees. M1 is the centroid model; M3 is the model of a unilaterally propagating point source plus an additional point source; model M4 consists of three point sources; M5a is the model of a bilateral rupture (¢xed mechanism) propagating with velocity 4 km s À1 in the directions 90 0 and 270 0 plus a point source; M6 is our preferred model consisting of four point sources. (b) Observed ABKT displacement seismogram (trace 1), re£ectivity synthetic for the IASP91 model down to the core^mantle boundary, i.e. the seismogram contains P and PcP (trace 2), and re£ectivity synthetic for the IASP91 mantle model to 2771 km depth, i.e. PcP is not contained in the seismogram (trace 3). The synthetics were calculated for source model M6 (Table 2 ) with a simpli¢ed source time function to allow calculation with a re£ectivity synthetic code (Kind 1979) . Traces 1 (solid), and 2 and 3 are shown on top. D, where m min is the smallest purely deviatoric eigenvalue (in the absolute sense) and m max is the largest purely deviatoric eigenvalue (in the absolute sense) of the moment tensor (Jost & Herrmann 1989 ).
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Goes et al. also suggested that the rupture propagated westwards to a distance of 20^30 km, and eastwards over 75 km. However, in their rupture model the area of main moment release is located to the west of the initiation point, which is in contrast to our model, where subevent S2, with the largest moment release, is east of S1. We were unable to obtain satisfactory waveform ¢ts with the source model proposed by Goes et al. (1997) . Possible reasons are that we used more data and that we did not exclude stations from the inversion that lie close to the nodal planes of the centroid mechanism.
THE 1994 FIJI^TONGA EVENT
The deep earthquake of 1994 March 09 beneath Fiji was located in the seismically active northern part of the Tonga subduction zone where the Wadati^Benio¡ zone forms a hooklike feature (Fig. 11 ). The event was followed by an unusually large number of aftershocks ) that aligned along the near-vertical plane of the fault plane solution for the initial event (McGuire et al. 1997) . Analysis of the Fiji^Tonga event was carried out in the same way as for the Flores Sea earthquake. The master event technique was used to estimate the termination of rupture from P-wave displacement seismograms (Fig. 12) . The estimated termination points are depicted in Fig. 13 . Relative to the nucleation point, rupture terminated about 39 km away at an azimuth of 10 0 , and a rupture duration of about 15 s is estimated. This implies a value of 2.6 km s À1 for the average velocity of moment release between nucleation and termination of the 1994 Fiji^Tonga event.
To derive the temporal and spatial distribution of rupture, a total of 26 P teleseismic waveforms were inverted. The station distribution is shown in the top inset of Fig. 11 . Broad-band data were restituted to displacement and high-pass ¢ltered at 0.01 Hz. The stations are well distributed in three sectors of azimuth with an approximately 90 0 gap in the southeasterly azimuth (Figs 11 and 13) . The depth phases pP, sP and sS as well as three SH waveforms were used in addition to P waveforms in the inversion for the centroid. Depth phases were used only when their arrivals were separated from PP and SS.
Comparing waveforms of pP with P by visual inspection, we found no evidence for a signi¢cant vertical directivity, and we estimate that the source process of the March 9 Fiji deep earthquake was constrained to a narrow depth interval not exceeding 10 km. We cannot con¢rm the ¢ndings of Goes & Ritsema (1995) of evidence for vertical directivity, up to 40 km up dip, from stacked waveforms at the TERRAscope network in California.
An inspection of the P-wave displacement seismograms shown plotted in Fig. 13 as a function of azimuth suggests that there was, however, signi¢cant horizontal directivity. The centroids of subevents S1 and S2 are marked in Fig. 13 by triangles. P-wave pulse widths are shorter at stations in the northerly azimuth and longer in the southerly azimuth. Centroid times indicated by triangles are early in the north and late in the south. These qualitative ¢ndings suggest rupture propagating from south to north, which agrees well with the estimated termination point of rupture (Fig. 12) . This is substantiated by the results of waveform inversions. The following models were studied:
Mcöcentroid model; Mpöpropagating point source model; M2ötwo point sources.
The results of the inversion are summarized in Table 4 . The centroid solution is similar to the Harvard CMT solution (Dziewonski et al. 1994) . It was obtained by employing P, pP, sP and SH phases in the inversion, whilst in the investigation of the other source models only the P waveforms were used. Variance estimates in Table 4 and Fig. 14 are based on the P waveform ¢ts and are therefore comparable.
Introducing directivity at the source reduces the variance estimate of the centroid model by about 17 per cent (model Mp, Fig. 14) . The resulting high rupture velocity amounts to about 4.5^5 km s À1 (Fig. 15a) , a value which is larger than the estimate of 4.1 km s À1 given by McGuire et al. (1997) . However, our estimate is not well constrained by the data, allowing for a large error bound of the order of 2^3 km s À1 . Furthermore, it is much higher than the estimate of 2.6 km s
À1
for the average velocity of moment release inferred from the master event analysis of the earthquake termination (Fig. 12) . The preferred rupture direction is well constrained to N10 0 W (Fig. 15b) .
Using models of two point sources (model M2) yields a variance reduction of 53 per cent relative to the centroid model (Fig. 14) . A third subevent is indicated in teleseismic (Fig. 13) , and has also been inferred from recordings at local stations (McGuire et al. 1997) . However, with our parametrization a model including a third point source provides no signi¢cant improvement over M2. Observed and synthetic waveforms obtained for model M2 of Table 4 are shown in Fig. 16 . Both the subevents occurred at approximately the same depth, near 568 km. This is in contrast to the inversion result of McGuire et al. (1997) , who used a grid method to infer depth variations of about 40 km between three major areas of moment release along a near-vertical fault plane. We tried to invert for a subevent distribution similar to that inferred by McGuire et al. (in their Plate 2) and obtained a variance estimate of about 0.13, which is higher than that for our preferred point source model M2. Tests with synthetic seismograms calculated with the re£ectivity method show that vertical directivity can be resolved by the station distribution employed in our study of the Fiji^Tonga event. The inferred change in focal mechanism during rupture seems to be a stable feature independent of the methods used. The mechanisms change from subevent S1 to S2; this is shown in Fig. 17(a) , and the parameters of the double-couple solutions are given in Table 4 . Our results on the focal mechanisms of subevents agree reasonably well with those reported by others (Goes & Ritsema 1995; McGuire et al. 1997) . The source time function (Fig. 17b ) is characterized by 2 major peaks near 3 and 7 s. Its form and length of about 14 s resemble the source time function derived by McGuire et al. (1997) for the near-vertical plane of the fault plane solution. Figure 8 . Fit of observed (solid line) to synthetic (dashed line) broad-band P waveforms for our favoured source model (M6) at the stations used in the body wave inversion. Station codes, epicentral distance and azimuth from north in degrees are indicated. Teleseismic P waveforms have been deconvolved to ground displacement, resampled to ¢ve sample s À1 , and high-pass ¢ltered at 100 s with a three-pole causal Butterworth ¢lter. Wave amplitudes are relative. 
ß 1999 RAS, GJI 138, 625^642 Figure 9 . Fit of observed (solid line) (a) P and (b) SH waves to synthetic (dashed line) long-period seismograms for our favoured source model (M6) at the stations used in the body wave inversion. Teleseismic P and SH waves have been deconvolved to ground displacement, resampled to 1 sample s À1 , and high-pass ¢ltered at 100 s with a three-pole causal Butterworth ¢lter. Wave amplitudes are relative. The length of the inversion window is indicated by the dot. Note PcP and ScS phases are not modelled. ß 1999 RAS, GJI 138, 625^642
The spatial and temporal distributions of subevents in the 1994 Fiji^Tonga event are depicted in Fig. 17 . The event was characterized by predominantly horizontal directivity in the direction N10 0 E over an extent of about 40 km from S1 to the rupture termination. The estimate of 40 km for the horizontal extent of the rupture area agrees well with the estimate reported by McGuire et al. (1997) , who used waveforms from local broad-band stations in addition to teleseismic data. The two subevents of our model have nearly the same depth, and their spatial distribution, together with the point where rupture terminated, may de¢ne the extent of rupture. These three points do span a line, but not an area. Therefore, we cannot provide a reliable estimate for the width of rupture. Arbitrarily assuming a 20 km width, a rupture area of 800 km 2 is implied. This estimate is somewhat less than estimates of about 30|40 km derived by other investigators (Goes & Ritsema 1995; McGuire et al. 1997) .
We have calculated a moment tensor for model M2. The result is shown in Table 5 , where it is compared with the Harvard CMT solution; the agreement is satisfactory. In both cases, a slight CLVD component is indicated, with ranging from 0.06 to 0.07.
DISCUSSION
Inspecting the values given in Table 6 for inferred source parameters suggests that the 1994 Bolivia event had very di¡erent characteristics with regard to rupture velocity, stress drop and seismic e¤ciency compared with the Flores Sea and Fiji^Tonga events. The Fiji^Tonga event is characterized, like the Flores Sea event, by a moderate stress drop and relatively high values for rupture velocity and seismic e¤ciency. Rupture Table 5 . The same as Table 3 for model M2 of the Fiji^Tonga event.
This study HRV
Unit of M ij is |10 20 N m. velocities estimated in this study vary between 3 and 4 km s
À1
for the Flores Sea event, and between 3 and 5 km s À1 for the deep Fiji^Tonga event. The high values were obtained with a simple model of a propagating point source, while the timing of subevents derived for more complex models and the master event analyses of the rupture termination yielded the values at the low end of the range. We suspect that the model of a single propagating point source is too crude to approximate properly the spatial and temporal characteristics of the events investigated, and in particular the inferred change in focal mechanism during the source process. The rupture velocities estimated in this study generally agree with those determined by Goes & Ritsema (1995) and Wiens & McGuire (1995) . They are high for the 1994 Fiji^Tonga and 1996 Flores Sea deep events in comparison with those inferred for other deep earthquakes, for example the 1963 Peru^Bolivia event (BrÏstle & MÏller 1987; Estabrook 1999) , the 1970 Colombia earthquake (Furumoto 1977; Estabrook 1999 ) and the 1994 Bolivia event Estabrook & Bock 1995) .
The large CLVD component observed for the Flores Sea event results from signi¢cant variations in focal mechanisms of subevents, suggesting that faulting occurred along a curved fault plane, or on several planes of di¡erent orientations. In these cases the term rupture velocity is no longer related to the speed of moment release on a single plane. Rather, it describes simply the progression of moment release in space and time. Our modelling indicates that rupture propagated mainly subhorizontally in both the Flores Sea and the Fiji^Tonga events. In the case of the Flores Sea event, rupture occurred close to the E^W-striking southward-dipping nodal plane of the CMT mechanism, while in the Fiji^Tonga event rupture was probably close to the near-vertical plane of the CMT mechanism, based on aftershock distribution (McGuire et al. 1997) .
The Flores Sea event, like the Fiji^Tonga earthquake, occurred in a seismically active portion of the slab, whilst the Bolivian earthquake ruptured a region of no previously known deep seismicity. From the above it is clear that some signi¢cant di¡erences exist in the source-related parameters of these earthquakes, whilst a common characteristic is that these events were located at great depths and were exceptionally large. The Flores Sea and Fiji^Tonga events on the one hand and the Bolivian earthquake on the other bring out these di¡erences quite strongly, suggesting that several di¡erent types of mechanisms generated these events.
We compare in the following some parameters for the 1994 Fiji^Tonga and 1996 Flores Sea events that can be derived from seismological observations with those published for the 1994 Bolivia event (Table 6 ). Assuming a rigidity k~116 GPa appropriate for a depth of 571 km and using the relations D~M 0 /kS, *p~7nkD/16r, where M 0 is the seismic moment, Figure 12 . Results of master event analysis for the rupture duration and length. Estimates for rupture duration and length are 14.6 s and 39 km, respectively. For explanation of diagrams see Fig. 4 . To obtain rupture length from q a value of 9.87 km s À1 was assumed for the P-wave velocity at the source.
S the fault area and r the radius of a circular fault, r~(S/n) 1a2 (Kanamori & Anderson 1975) , the average fault slip D and the static stress drop *p are estimated. The radiated energy, E R , is determined by integrating the displacement source time function using the method described by Vassiliou & Kanamori (1982) . The value of 2X1|10 16 J for the Flores Sea event is in good agreement with E R~1 X8|10 16 J reported by the US Geological Survey. Using the relation given by Kanamori et al. Figure 13 . Displacement P-wave seismograms sorted by azimuth and aligned along the ¢rst P onset at zero time. Triangles are placed on the centroids of subevents S1 (between about 2 and 3 s relative time) and S2 (at time b 5 s). A possible third subevent is indicated by squares. The estimated termination points of the rupture are indicated by dots. These points were picked with an estimated uncertainty of +0X5 s. (1998) for the upper bound of the seismic e¤ciency,
where *p is the static stress drop, we estimate g max~0 X311, a value which is larger than the value of 0.086 estimated for the 1994 Tonga earthquake and much larger than the value 0.036 estimated by Kanamori et al. (1998) for the 1994 Bolivian deep earthquake (Table 6 ).
The estimate for g max depends to some extent on the static stress drop. A higher stress drop will reduce g max . Adopting the stress drop relation for a rectangular fault yields the values shown in Table 6 in parentheses. Assuming as an upper bound *p max~5 6 MPa, which may represent the stress drop con¢ned over the area of the main moment release of the Flores Sea event (Goes et al. 1997) , we obtain g max~0 X12. This value is still signi¢cantly higher than that calculated for the 1994 Bolivia deep earthquake, but it is similar to that inferred for the 1994 Fiji deep event.
The term g max is related to the lower bound, p fmin , of the average frictional stress across the fault plane (Kanamori et al. 1998) :
Using the estimates of g max for the Flores Sea event ranging from 0.12 to 0.31 and *p~21 MPa, we obtain for p fmin values ranging from 7 to 9 MPa for the Flores Sea event and similarly, using the values in Table 6 , 13^18 MPa for the Fiji^Tonga event. These values are up to one order of magnitude smaller than p fmin estimated for the 1994 Bolivia earthquake (55 MPa; Kanamori et al. 1998) . This suggests that the Flores Sea and Fiji^Tonga events were less dissipative than the Bolivian event. This is con¢rmed by the high rupture velocities of 3^5 km s À1 (*60^90 per cent of the local S-wave velocity) determined for the Flores Sea and Fiji^Tonga events, which are much larger than the rupture velocity estimated for the 1994 Bolivian earthquake (1^2 km s À1 ) Estabrook & Bock 1995) . Based on the`runaway melting' model of Kanamori et al. (1998) as a possible cause for the Flores Sea event, it is estimated that the non-radiated energy in the Flores Sea event was su¤cient to have melted a 1 cm thick layer over the whole extent of rupture. This and other arguments (Wiens 1998a ) are against extensive melting as a physical mechanism operating in the Flores Sea event. There is no physical model which could explain rapid propagation of melting in a thin layer over the large distances inferred for the rupture area of the Flores Sea deep earthquake. Wiens (1998a) pointed out that extensive melting may occur only in slabs that are warmer, such as South America. The subducting slabs beneath the Flores Sea and Fiji^Tonga are estimated to be colder than the younger slab beneath South America. High rupture velocities may be a diagnostic characteristic of large earthquakes in cold slabs.
Transformational faulting in metastable olivine (Kirby et al. 1996) may be e¡ective as a cause for deep earthquakes only in cold slabs such as the Flores Sea and Fiji^Tonga (Green & Houston 1995) . The depth range and width of the metastable olivine wedge, a necessity for the transformational faulting hypothesis of deep earthquakes, are partly controlled by thermal conditions in the descending slab. Temperature pro¢les imply, perpendicular to the subducting slab, a 5^15 km wide zone for the metastable olivine wedge in an undeformed slab (Kirby et al. 1996) . The fault width of the Flores Sea earthquake (*20 km), together with the fact that the rupture propagated subhorizontally and parallel to the strike of the subducting Indo-Australian plate, suggest that the moment release was indeed contained within the slab core. Thus the focal process may have occurred within a wedge of metastable olivine, in agreement with the transformational faulting model. However, it is not possible to put forward a similar argument for the 1994 Fiji^Tonga event. Rupture extends perpendicular to the strike of the deep seismic zone, as indicated in Fig. 17(a) . McGuire et al. (1997) have argued that rupture proceeded to the neighbouring mantle, which was previously aseismic and is estimated to be several hundred degrees warmer than the cold core of the slab. McGuire et al. (1997) suggested that in the case of the Fiji^Tonga event several mechanisms may have Figure 16 . P-wave displacement seismograms for the 1994 Fiji^Tonga event. Observed (solid lines) seismograms are compared with theoretical seismograms (dashed lines) that were calculated for the preferred source model M2 of Table 4. ß 1999 RAS, GJI 138, 625^642 been active. The nucleation phase of the event occurred in the cold core of the slab and was perhaps triggered by transformational faulting in metastable olivine. Rupture in the warmer surrounding areas may be caused by other mechanisms such as ductile faulting, plastic instabilities (Hobbs & Ord 1988; Ogawa 1987; McGuire et al. 1997) or frictional heating (Kanamori et al. 1998 ).
An intriguing feature is the observation that the recent large deep earthquakes, and possibly other deep events as well, are characterized by predominantly subhorizontal rupture propagation. This suggests that rupture propagation in very Table 4 . The square gives the location of rupture termination estimated by the master event technique. Dashed lines are the 500 and 600 km depth contours of Gudmundsson & Sambridge (1998) . Focal mechanisms are lower-hemisphere projections of the focal spheres whose areas are proportional to the seismic moment of the subevent. Cross is the centroid location of model M1 (this study). Note that our centroid location was obtained by a separate inversion and is therefore independent of the point source model M6. Un¢lled square is the location of the rupture termination estimated by the master event technique. Shaded rectangle is the inferred rupture area. Focal mechanisms are shown in lower-hemisphere projections whose areas are proportional to the seismic moment of the subevent. Filled and un¢lled areas are compressional and tensional, respectively. (b) Source time function (moment release as a function of time) for the subevents S1, S2, S3 and S4 and the whole rupture process (thick line) estimated by the body wave inversion. large deep earthquakes may be constrained to a given pressure level which depends in a not yet fully understood way on other parameters such as the thermal parameter and composition of the slab. These parameters vary for di¡erent slabs, which may explain why the maximum size of deep earthquakes is di¡erent for di¡erent subduction zones.
CONCLUSIONS
The Flores Sea earthquake of 1996 June 17 was a complex event with at least four distinct rupture episodes spanning a rupture area of about 1900 km 2 . Rupture was bilateral. It propagated east with a velocity of 3^4 km s À1 to a distance of 70 km, and southwest to a distance of 35 km. Changes in the double-couple mechanisms of subevents explain the large CLVD component that is seen in centroid moment tensor solutions of the Flores Sea event.
The Fiji^Tonga earthquake of 1994 March 9 was also a complex event. The source process lasted about 15 s and can be modelled by two point sources. The two point sources and the estimated termination point suggest rupture propagating subhorizontally from the nucleation point in a direction N10 0 E with a velocity of about 3 km s À1 . The teleseismic data used in this study do not allow us to resolve ¢ner details of the source process and to decide whether rupture proceeded along the near-horizontal or near-vertical plane of the CMT mechanism. Some moderate changes of the focal mechanism can explain the relatively small CLVD component seen in CMT solutions of the event. The Fiji^Tonga event, like the Flores Sea event, was characterized by a relatively high rupture velocity and moderate stress drop.
The great Bolivian deep earthquake of June 1994, on the other hand, was associated with a low rupture speed and high static stress drop. The high rupture speed, low stress drop, and high seismic e¤ciency inferred for the Flores Sea and Fiji^Tonga events may be typical for large deep earthquakes in cold subducting slabs. Subhorizontal rupture propagation, regardless of the orientation of possible rupture planes, seems to be common to most deep earthquakes. This suggests that rupture in large deep earthquakes occurs over narrow depth intervals.
